Particle defects are important contributors to yield loss in semi-conductor manufacturing. Particles need to be detected and characterized in order to determine and eliminate their root cause. We have conceived a process flow for advanced defect classification (ADC) that distinguishes three consecutive steps; detection, review and classification. For defect detection, TNO has developed the Rapid Nano (RN3) particle scanner, which illuminates the sample from nine azimuth angles. The RN3 is capable of detecting 42 nm Latex Sphere Equivalent (LSE) particles on XXX-flat Silicon wafers. For each sample, the lower detection limit (LDL) can be verified by an analysis of the speckle signal, which originates from the surface roughness of the substrate. In detection-mode (RN3.1), the signal from all illumination angles is added. In review-mode (RN3.9), the signals from all nine arms are recorded individually and analyzed in order to retrieve additional information on the shape and size of deep sub-wavelength defects. This paper presents experimental and modelling results on the extraction of shape information from the RN3.9 multi-azimuth signal such as aspect ratio, skewness, and orientation of test defects.
INTRODUCTION
Particle defects are a significant contributor to yield loss in semiconductor manufacturing. To control particle defects, the presence, shape, size and composition of particles must be characterized. Advanced Defect Classification (ADC) is an established technique to install defectivity control 1 . With shrinking device dimensions, smaller and smaller particles become the root cause for critical defects. This strongly increases the challenge for defect detection and review tools, as both more and smaller particles need to be analyzed. This paper reports on the feasibility of fast ADC by optical metrology using RN3. The aim of ADC using RN3 is to purify the increasingly long list of defects-of-interest. Thus, the efficacy of more detailed defect review and classification by slower metrologies that have a higher resolution, such as e.g. SEM and AFM can be improved. Figure 1 shows our process flow for ADC: after defect detection and review, all defect signals are matched with physical properties of the defects, thus enabling classification. As a result of ADC by RN3, the industry will be better positioned to match the increasingly stringent requirements in defectivity control.
Under regular processing conditions, particles occur at ultra-low densities. Hence, fast optical inspection techniques are in use to scan large areas. For the cleanliness qualification of product modules and production processes, often blank witness wafers and/or reticles are used. TNO's RN3 particle scanner (see Figure 2 ) has been developed to detect particle defects down to 42 nm in diameter on flat un-patterned uniform substrates up to 150 mm in lateral size, such as e.g. 100 mm XXX-flat Si wafers or EUV mask blanks 2 . This extreme level of sensitivity is achieved by illuminating the sample from multiple angles, in a variant of dark-field microscopy. For each sample, the lower detection limit (LDL) is determined by the speckle signal, which originated from the surface roughness of the substrate. Figure 1 Process flow for the three stages in Detection, Review and Classification.
In detection-mode (RN3.1) the signal from all nine illumination angles is added. After a RN3.1 scan of the full substrate, the detected defects are ranked according to their importance in a defects of interests (DoI) list. In review-mode (RN3.9) the signals from all nine arms are processed individually and analyzed to retrieve additional information on the shape and size of defects, even for deep sub-wavelength-sized defects. This paper presents experimental and modelling results on the extraction of more information from the RN3.9 multi-azimuth signal such as the aspect ratio, skewness and orientation of the defect. After review by RN3.9, defects are coarsely classified, yielding a purified DoI list for further defect analysis, e.g. by SEM
3
, AFM 4 or HIM 5 , which are all slower metrology tools that provide more detailed review data than RN3.9. To facilitate holistic connectivity between all defect review metrologies, a variant of the stealth fiducial marker system of Bouwens et al. 6 has been developed.
METHODS
Figure 2 displays two pictures of TNO's Rapid Nano (RN3) particle scanner for blank substrates is based on dark field imaging 2, 7 . The resulting signal is an image of the local scatter intensity for the uniformly illuminated field. The stage moves the substrate step-wise under the optical column, with sufficient overlap between the fields to stich all images into a defect map of the full blank substrate. The scatter intensity is converted into an estimated defect size, which is reported to the user in terms of a Latex Sphere Equivalent (LSE) diameter. A data acquisition mode for RN3 was developed to enable the extraction of the signals for each illumination angle separately, Furthermore, for ADC using optical data only, the relation of a defect's shape and composition to its optical scatter behavior into a dark field microscope objective needs to be established, at least for the most abundant and relevant defect classes. To this end, we studied the optical scattering from a set of programmed defects on a silicon wafer experimentally, and performed analytical as well as numerical finite element analysis modelling.
Numerical model for the optical scattering from arbitrarily shaped defects
A numerical model, based on finite element analysis (FEA) using COMSOL 8 , has been developed to calculate the optical scattering intensity from sub-wavelength-sized defects under realistic illumination and detection conditions for RN3.1 and RN3.9. The FEA model calculates the near-field around the defect and an open-source code is used to transfer this field to the far-field 9, 10 . The validity of the numerical model was confirmed in a benchmark with the analytic BobbertVlieger 11 model for the optical scattering from spherical particles on flat surfaces, see Figure 3 . The model allows calculation of the scatter of sub-wavelength defects for a number of geometries, sizes, aspect ratios and materials. 
Enhanced defect redetection efficacy using a stealth fiducial marker system
In defect review, a high defect re-detection efficacy is of eminent importance. For this goal a fiducial marker system that is visible in all involved metrology sources has been developed. 6 To be fully compliant with semiconductor manufacturing processes, a laser-scribing process has been optimized to write stealth fiducial markers on clean blank silicon wafers, see Figure 4 . The marker system enables accurate and fast registration of the RN3 defect map on the stage coordinate system for each alternative metrology source 6 . The realized defect re-detection method has sufficient accuracy to facilitate defect review on blanks with RN3, AFM and SEM, thus providing an essential ingredient for holistic and hybrid metrology. To allow for accurate detection and localization on all inspection platforms stealth markers are required, i.e. the markers have a low scattering cross-section in dark-field microscopy, but are clearly visible in bright-field microscopy and SEM. 
Programmed defect wafers with etched and metallic model defects
Defects can occur in a multitude of shapes and forms: particles on top of the substrate, and also holes, pits or scratches in the substrate surface 12, 13, 14 . The design choices for the programmed defect wafers are somewhat restricted by the involved fabrication processes. Electron beam lithography was used to write rectangular and elliptical defects in CSAR 62 resist 15 , see Figure 5 . To emulate particle defects on top of a substrate, metal layer deposition was combined with liftoff. To emulate holes, pitches and scratches, the pattern was etched into the silicon wafer.
Both the etch and the deposition process yield defects with a fixed height. Like the lateral dimension, the height of structures impacts the scatter signal strength. The effect of this parameter was simulated using the FEA scattering model. As a result, an optimal defect height of 20 nm was found. For lower defect heights, the RN3 signal depends strongly on the exact defect height, which introduces a too high sensitivity to variations in the manufacturing processes. For larger defect heights, the smallest defects get challenging height aspect ratios in manufacturing. Programmed defect arrays with rectangular cuboids and elliptical cylinders that have a large variety in size and aspect ratio were made, see e.g. Figure 5 . The lateral dimensions of the defects were chosen to yield a defect volume that is equivalent to that of a cylinder with a diameter of 60, 80, 100, 200 and 400nm. Both isolated defects as well as dense fields of defects were part of the design. An overview of the programmed defect design parameters can be found in Table 1. SEM measurements were performed using an FEI NovaNano SEM operated in immersion mode at an electron energy of 10 kV or 15 kV. SEM measurements were performed to inspect the defect shape and lateral dimensions. To determine the defect width and length from SEM images, an algorithm is developed to fit the measured SEM waveform with an analytical expression, see the last section in paragraph 3.2.
AFM measurements on the programmed defect wafers were performed with a Bruker Dimension FastScan. The AFM was operated in PeakForce™ tapping mode and two different AFM tips were used. NanoScope Analysis Tip Qualification software 16 was used to estimate the tip shape and diameter. This software returns the estimated tip diameter at 5 nm from the tip end (ETD1) and at 20nm from the tip end (ETD2). Measurements on the etched defects were done with a standard AFM tip with an estimated tip diameter of ETD1 = 80 nm and ETD2 = 140 nm. Measurements on the metal defects were done with a more accurate high aspect ratio AFM tip 17 with an estimated tip diameter of ETD1 = 30 nm and ETD2 = 100 nm. Each unique defect type was reproduced 10 times to average out small variations. By measuring all 6000 defects on the two programmed defect wafers, the RN3.1 and 3.9 sensitivity as well as the performance of newly developed ADC algorithms was verified.
Algorithms for nuisance filtering and defect shape analysis
To purify the defect list as obtained after scanning a blank substrate using RN3.1 (see Figure 1) , an algorithm was developed to filter out nuisance defect such as e.g. the ghost images of larger objects, or isolated pixels with an unrealistically high grey value. To further enrich the DoI list, a defect shape estimating algorithms have been developed that use RN3.9 data on the asymmetry of the defect scattering. To visualize the asymmetry of the defect scattering, the RN3.9 signals, as recorded for each illumination azimuth, are graphically presented in a polar plot. By example, the three panels in Figure 6 each display a polar plot of the RN3.9 signals as recorded from etched elliptical cylinder programmed defects (see Figure 5 ) for three different aspect ratios. The raw signals from each arm (red symbols) were normalized (green symbols) using the signals from the circular defects. As an additional check of the calibration method, next to the signals for each illumination arm orientation also the signals from a single illumination arm for similar defects of all orientations (see Figure 5 ) are plotted (blue symbols). Calibrating the scatter signal from each individual arm proved to be essential to get meaningful results for the defect aspect ratio and size estimation. Figure 6 Polar plots of the RN3.9 signal from gold elliptical cylinders with aspect ratios 1:1, 1:2 and 1:5 (left to right panels, respectively). The high similarity between the green (same defect, nine different illumination arms) and blue (same arm, nine rotated defects) contours demonstrates that the signals of all nine arms have been normalized accurately, using the dense defect fields in the programmed defect wafer (see Figure 5) . These calibrated signals are used in our algorithms to estimate defect size, skewness and aspect ratio.
RESULTS AND DISCUSSION

Efficient defect redetection in RN3, SEM and AFM
A defect redetection method that deploys the new stealth fiducial marker system for swift navigation to the DoI sites has been developed and implemented, see Figure 4 and Figure 7 . Using laser scribing, an accurate marker system has been applied to clean 100 mm XXX flat wafers. Figure 7 shows RN3.1, SEM and AFM close-up images of features of the marker system as illustrated in Figure 4 . It is noteworthy that indeed the same feature is accurately visible in each metrology tool, despite the completely different physics that underlies image formation in each tool. The improved defect redetection enables holistic connectivity of RN3 with high-resolution defect review metrology tools such as AFM and SEM. As a result, both the defect redetection fraction and the defect review speed have increased by more than an order of magnitude for all deployed metrology tools, comprising RN3.9, AFM and SEM 6 . As a result, more than 95% of the programmed defects could be redetected in SEM and AFM, within the available time per defect. 
Validation of RN3.1 and RN3.9 signal strengths by benchmarking experiments with model predictions
Review of the same defect using different metrology tools, as enabled by the stealth fiducial marker system, can provide useful insights in the accuracy of defect size estimation, as will be illustrated by the examples below. Figure 8 shows the raw signals of RN3.9, SEM and AFM for a typical re-detected programmed defect: an 20 nm deep etched trench of aspect ratio 1:1, 1:2 and 1:5 in a silicon wafer. The design size of the trenches is CD = 100 nm, where CD is defined as the square root of the length times the width of the rectangular cuboid. The RN3.9 polar plots clearly show that, even when using 532 nm light, asymmetries in the scattered light due to the defect can be measured for deep sub-wavelength sized defects. Furthermore, using the stealth fiducial marker system, additional information of defect size and shape is available from SEM images, and, to a lesser degree, also from AFM images. For instance, the SEM images show some trench edge roughness, and, as discussed below, provide edge position information that can be used to estimate the lateral trench dimensions. Moreover, the AFM images show that it is difficult to assess the shape of etched defects that have a size that is similar to the AFM probe dimensions. The AFM images show a shadow-like structure in the defect shape resulting from the AFM tip shape.
The COMSOL model was used to predict the optical scatter signal of the same etched defects of Figure 8 . Figure 9 shows simulated and experimental polar plots for the RN3.9 signal from these defects. Clearly, there is a good agreement between modelling and experimental results. Noteworthy is that the RN3.1 signal from sub-wavelength sized defects, as can be obtained by summation of the calibrated RN3.9 signals, is significantly stronger for high-aspect ratio defects, although these defects all have the same volume. Hence, by taking defect anisotropy into account, a more accurate value for the defect size in terms of LSE can be reported. This, in turn, is expected to significantly improve the quality of a defect Pareto 18 .
The minor difference between the model prediction and RN3.9 data increases with defect aspect ratio, and provides another example on how the accuracy of a defect size and shape estimate can be improved by analyzing the RN3.9 signals. As outlined in detail below, there is a significant difference between the design size and the actual size of the programmed defects. In short, we attribute the observed differences between calculations and experimental data to differences between the designed and actual defect size, as the COMSOL model used the design CD and aspect ratio, rather than the actual size and shape of the defects. 400 500 Figure 10 The critical dimensions (CD) of the realized programmed defects as a function of the design CD. Figure 11 Designed (dashed lines, for reference) and measured (SEM data) aspect ratios of etched and deposited programmed defects. The larger the defect and/or its AR, the larger the difference between the realized and designed AR. The difference is attributed to the proximity effect in electron beam lithography, which mostly broadens narrow features which are most prominent in the highest AR PDs.
It is well-known that in electron beam lithography e.g. proximity effects may change the actual feature size 19 . Moreover, for non-round defects, the feature broadening will impact the actual aspect ratio of the realized defects. Hence, we analyzed the size of realized defects from SEM images, using the Double-Gaussian fit algorithm to SEM waveforms, as adapted by Maas 20 after Verduin 21 . This algorithm was extended to fit the complete SEM image instead of a single line. The fit result includes the contour of the defect and thus allows for a more accurate estimation of the aspect-ratio. Figure  10 shows how the measured size (i.e. their critical dimension) of the programmed defects as determined from the SEM images deviates from the design CD, especially for defects with higher aspect ratios. Consequently, as shown by Figure  11 , the realized aspect ratio significantly deviates from the design aspect ratio. This effect accounts, at least qualitatively, for the less an-isotropic scatter RN3.9 signal when compared to the simulated scatter profile, as was observed from Figure 9 .
RN3.9, SEM and AFM signals from arbitrary shaped defects
Measurements on field test wafers confirmed that in practice many particles are non-symmetric. For example, Figure 12 shows the RN3.9 polar plot as well as a SEM and AFM image of a typical customer defect on a blank silicon witness wafer. The defects were swiftly re-detected in the SEM and AFM by the usage of the stealth fiducial marker system. The RN3.9 polar plot shows that the defect is non-round, and also a significant non-centricity of the signal. For optical scattering, any particle skewness is expected to cause an angular dependency of the scatter intensity. As a consequence, for a skewed particle, the RN3.9 scatter pattern is not only non-symmetric; also the center-of-gravity of the scatter pattern is shifted from the origin. Hence, we conclude that the defect is non-round and skewed into one direction. These observations are confirmed by the SEM and AFM images. The displacement of the center-of-gravity of the RN3.9 signal from the origin can probably be used as a metric for defect skewness. More RN3.9 and AFM measurements as well as modelling efforts are needed to get conclusive on this subject. Figure 12 RN3.9 scatter intensity data as well as SEM and AFM images of a "large" particle on a field test wafer. The particle is composed of SiOx (SEM EDX).
CONCLUSIONS
A process flow for more efficient defect review and classification has been developed. This flow consists of optical inspection to locate the defects, nuisance defect filtering, review by optical metrology to further increase the purity of the defect of interest list and a stealth fiducial marker system with holistic connectivity to high resolution inspection tools like SEM, AFM and HIM. This process flow increases the efficiency of the inspection time on the slower high resolution tools.
We have implemented a new review mode (RN3.9) on our existing particle inspection system (Rapid Nano). This mode gives access to the individual signals from each of the 9 illumination arms of the Rapid Nano. By analyzing this additional data, more properties of the defect can be extracted and better decisions can be made on investing in further review.
Defect review and classification by RN3.9 has been tested on programmed defects of different size, shape, orientation and material. These tests have been performed both with a numerical optical model of the system and with experiments on programmed defect wafers on the actual system. We observed a strong correlation of the programmed defect size and shape metrics as extracted from the RN3.9 signal with SEM and AFM defect metrology data. Furthermore, the RN3.9 signals are in excellent agreement with the predicted scatter intensities by analytical and numerical optical models. Hence it is anticipated that the RN3.9 metrics for defect aspect ratio, skewness and size can be used reliably for advanced defect classification (ADC) of arbitrary-shaped sub-wavelength-sized defects on blank substrates for semiconductor manufacturing applications.
